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The effect of mechanical ventilation and  
clothing on airborne microbes and wound  
sepsis in hospital operating rooms, Part 1
W Whyte
School of Engineering, University of Glasgow, Glasgow G12 8QQ
Editor’s Note: For 50 years, Bill Whyte 
has been investigating the role of 
mechanical ventilation in minimising 
airborne microbial contamination. The 
first 25 years were used to investigate 
hospitals, and the second 25 years were 
concerned with industrial cleanrooms. 
His work on operating rooms occurred  
at an important time in the evolution  
of the design of unidirectional airflow 
systems, and when their effect on wound 
sepsis after surgery was determined.  
It is common to find that the experience 
and judgement of scientists who have 
worked extensively in a particular field  
of science is lost, and so we have 
persuaded Bill to write a personal 
account of this time. His reminiscences 
are divided into two parts, this being  
the first.
Abstract
This article is the first part of a review of 
investigations carried out until about 1990 
into the role of mechanical ventilation  
in reducing wound sepsis in hospitals.  
It deals with the design of mechanical 
ventilation systems to reduce airborne 
microbe-carrying particles (MCPs), and 
mainly discusses unidirectional airflow 
(UDAF) systems. The second part will 
deal with the effect of mechanical 
ventilation and occlusive clothing in 
operating rooms in reducing airborne 
MCPs and post-operative wound sepsis. 
Introduction
This review is based on a commentary 
written prior to submitting a DSc thesis, 
which was used to explain the research  
I carried out during the 25 years before 
1990 in the context of other research. 
The review is divided into two parts, this 
part being the first.
The author’s publications are 
referenced as follows: (Reference 1 etc.). 
A superscript number is used for the 
works of others.
Airborne microbes and surgical 
infection: the early days
Isolating microbes from air occurred  
at the birth of microbiology to prove 
that fermentation and putrefaction  
were caused by microbes and not 
spontaneously, i.e. to prove the germ 
theory of disease. Pasteur in 1861 1 was 
able to estimate the number of bacteria 
in air by introducing a known volume  
of air into sterile containers and counting 
the number of containers that became 
infected. Knowledge of the germ theory 
of disease prompted Lord Lister in the 
1860s to investigate the reason for 
wound sepsis and achieve a dramatic 
reduction by the application of carbolic 
acid (phenol) to the wound, wound 
dressings, and instruments 2. Lister also 
sprayed carbolic acid into the air in the 
hope of killing airborne bacteria but  
by 1890 he concluded that the spray  
had not contributed to his success. 
Lister’s antiseptic approach to surgery 
was superseded by aseptic surgery, 
where anything brought into the wound 
area was sterilised. The proponents  
of aseptic surgery made no attempt to 
prevent airborne infection, and it was 
not until after the 1939-1945 world  
war that a strong interest in airborne 
infection was rekindled.
During the 1939-45 world war, 
investigations were carried out into 
airborne infection of burned service men, 
infections transmitted in overcrowded 
conditions in barracks and ships,  
and the generation and sampling of 
airborne microbes that could be used  
in microbiological warfare. In 1941, 
Bourdillon, Lidwell and Thomas 3 
invented the first efficient microbial air 
sampler known as the Casella slit sampler. 
After the war, scientists knowledgeable 
in the transmission of airborne microbes 
were in place to ascertain the importance 
of airborne infection during surgery.
After the 1939-45 war, it had been 
hoped that the invention of antibiotics 
would solve the problem of hospital 
infection. However, antibiotic resistance 
developed, and this was often associated 
with the development of more virulent 
hospital strains of pathogenic bacteria 
such as Staphylococcus aureus, which 
were a major cause of wound sepsis. 
When an effective method of typing  
of Staphylococcus aureus by bacteriophage, 
which are viruses that selectively attack 
bacteria, was published by Blair and 
Williams in 1961 4, a significant tool was 
in place for studying wound infection  
in hospitals.
The effect of mechanical ventilation 
in a surgical ward on the transfer  
of microbes and wound sepsis
The author’s first research work was in 
hospital surgical wards. An experimental 
ward was built at Hairmyres Hospital in 
East Kilbride by the UK National Health 
Service and was sub-divided into 1, 4 
and 5-bedded rooms, and air conditioned 
with 7-8 air changes per hour of filtered 
air. It was the first ward of its type built 
by the UK health service, and they 
wished to know how well it performed.
The microbial effectiveness of the  
air conditioning plants that supplied  
the ward was studied (Reference 1)  
with respect to (a) the particle size, 
concentration, and types of microbe-
carrying particles (MCPs) in fresh  
and recirculated supply air, (b) the 
effectiveness of air filters in removing 
MCPs, (c) microbial growth in air filters 
dampened by humidifiers, (d) microbial 
aerosols (humidifier spray) caused by 
microbial growth in the humidifier water 
tanks and, (e) microbes on duct surfaces.
Experiments were carried out into air 
movement between rooms and the degree 
of protection provided by positive, 
negative and balanced air movement 
control systems, air supply volumes,  
and the time doors were open 
(Reference 2). The air movement across 
open doorways was also found to be 
influenced by temperature difference, 
and a further study was carried out 
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(Reference 3). This showed large airflows 
were caused by temperature differences. 
For example, a transfer of 0.19m3/s  
in each direction occurred across an 
open doorway of 2.05m x 1.40m when 
there was no temperature difference, 
but increased to 0.24m3/s when the 
temperature difference was 2ºC. To 
prevent such airflow, 0.75 m3/s had  
to pass through the doorway when the 
temperature was 1ºC, and 1.05m3/s 
when it was 2ºC. It was not practical to 
provide sufficient air volume to counteract 
large temperature differences, and it 
was best to ensure the temperature 
difference did not exceed 1ºC. In that 
case, an airflow of about 0.26m3/s for 
each square metre of door area is required 
for a temperature difference of 1ºC.
Information was also obtained about 
air transfer between adjacent rooms 
(Reference 4) when, a) air passed through 
cracks round a closed doors, b) a person 
opened a door, passed through, and shut 
it, c) a person walked through a doorway; 
these variables were investigated in 
relation to temperature difference. The 
information about airflows across both 
open and closed doors was used to 
design the air movement control system 
described in DHSS Working Group  
10 Report (Reference 5), and further 
discussed in the next section. 
A comparison was also made of the 
microbial transfer between patients in 
the experimental ward compared to two 
older open wards that were ventilated 
only by windows (Reference 6). Patients 
admitted to all three wards had nasal 
swabs taken on admission and twice-
weekly. Any Staphylococcus aureus isolated 
were typed, and rates of nasal acquisition, 
which were considered to be indexes of 
airborne transfer, were determined.
It was found that the nasal acquisition 
of new strains of Staphylococcus aureus 
was somewhat less in the experimental 
ward, and this was particularly noticeable 
in patients during their first two weeks 
of residency. However, there was no 
difference in the acquisition of antibiotic- 
resistant staphylococci, which were (at 
that time) mainly found in hospitals and 
considered a good indicator of hospital-
acquired infection. Wound sepsis rates 
after surgery were also compared between 
the experimental and open wards, and it 
was found that sepsis caused by all types 
of bacteria, and by only Staphylococcus 
aureus, was not lower in the experimental 
ward.
The above results suggested that 
mechanical ventilation of wards was 
unlikely to give a significant reduction 
in sepsis after surgery. A further study 
of a mechanically ventilated ward,  
and a review of similar studies, was 
carried by Lidwell et al 5 who reached 
the same conclusion. This suggested 
that the author’s research might be  
more fruitfully directed towards the use 
of mechanical ventilation in operating 




Prior to the 1960s, in the temperate 
climate of the UK, it was not unusual for 
operating rooms to have no mechanical 
ventilation or, more commonly, to have 
an extractor fan on the outside wall to 
expel warm air to the outside. However, 
extract ventilation caused contaminated 
air to be drawn into the operating room, 
which often came from adjacent surgical 
wards. This problem was studied by 
Shooter et al 6 in an operating room that 
had a small supply of fresh, filtered air 
but a greater extract volume, so that  
air was drawn into the operating room 
from adjacent hospital areas. This caused 
the airborne bacterial concentration 
during surgery to be as high as 1400/m3. 
When the extract ducts were blocked off, 
and the air supply increased to positively 
pressurised the operating theatre, the 
airborne concentration was reduced by 
about 3-fold. A very similar problem and 
solution was reported by Blowers et al 7.
It was clear from the above studies 
that large volumes of filtered air should 
be supplied to the operating room to both 
positively pressurise the operating room 
against the ingress of bacteria and dilute 
microbes dispersed by the operating team. 
Blowers and Crew 8 concluded that  
1200 ft3/min (0.6 m3/s) of fresh filtered 
air was required, along with the use  
of pressure-relief dampers to maintain 
pressurisation of the room and divert  
air through a door when opened. 
Improvements to the ventilation of an 
operating room were shown by Shooter 
et al 5 to decrease wound sepsis. Blowers 
et al 7 carried out a similar study, and 
although he concluded the reduction  
of sepsis was caused by improvements 
in ventilation, other improvements were 
made at the same time. However, 
Lowbury 9 carried out a scientifically 
designed trial and showed that 20  
air changes per hour of filtered air 
significantly reduced infection in  
a burns dressing room.
In 1972, a Joint Working Party  
(JWP) of the Department of Health and 
Social Security (DHSS) and the Medical 
Research Council (MRC), chaired by  
Dr OM Lidwell, of which I was a member, 
produced a report entitled ‘Ventilation 
in Operation Suites’ (Reference 7). This 
set the requirements for conventionally-
ventilated operating rooms in terms of air 
supply volumes, air filtration, recirculation 
of air, control of airflow through doorways, 
dilution of anaesthetic gases, and comfort 
of staff. Information obtained at the 
Hairmyres experimental ward (References 
1 to 4) was used in this report.
The JWP report laid down ventilation 
requirements but did not give practical 
engineering information on how to 
achieve these. Inter-authority Engineering 
Working Group 10, of which I was a 
member, was therefore set up by the 
DHSS to produce a design guide to fulfil 
the recommendations of the JWP. This 
guide was issued in 1983 and called 
‘Ventilation of Operating Departments 
– a Design Guide’ (Reference 5). A difficult 
requirement of the brief was the 
achievement of an air movement control 
scheme to ensure that contaminated  
air did not flow into clean areas when  
a door is opened, and about half of  
the guide was devoted to this. Peter 
Robertson, Jeremy Cockcroft and I,  
of the Building Services Research Unit, 
University of Glasgow, developed a 
method to achieve this (Reference 8  
and 9) that was incorporated into the 
Working Group 10 report. Much of the 
information in the Working Group 10 
Report was transferred into the Hospital 
Technical Memorandum 2025 10, and  
is now in the current Health Technical 
Memorandum 03-01 11. 
Conventionally-ventilated operating 
rooms built to the principles given in the 
above reports gave airborne microbial 
counts during surgery of between 50 
and 400 MCPs/m3. This upper level is 
higher than that set by the JWP Report 
and HTM 30-01, and occurs if there  
is a high activity and a large number  
of people present, as in orthopaedic 
implant operations carried out in teaching 
hospitals. However, ultra-clean operating 
rooms, mainly of the unidirectional 
airflow type, were now becoming 
available and could give substantially 
lower concentrations of MCPs. 
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Evolution of unidirectional airflow 
(UDAF) operating rooms
In their 1960 research article, Blowers 
and Crew 8 reported an attempt to obtain 
a downward ‘piston’ of air (unidirectional 
airflow, although they did not call it 
that) from an air diffuser (a hessian 
sheet) fitted over the complete operating 
room ceiling. They used a similar amount 
of air supply volume as a conventionally-
ventilated operating room, and the 
downward velocity was therefore low. 
Because of this, thermal air currents 
from people and the operating room 
lamp, as well as movement of people, 
disrupted the airflow and it was not 
possible to achieve unidirectional airflow. 
This was the situation in 1961 when 
Professor Sir John Charnley, with 
assistance from Hugh Howorth of 
Howorth Air Conditioning decided  
to improve the ventilation in his 
operating room.
Charnley was a pioneer of hip joint 
replacement surgery and devised an 
operation to replace a diseased joint with 
an artificial plastic and metal joint. The 
implantation of such a large amount of 
foreign material, with a large exposure 
of wound, in an operation that could last 
up to two hours, gave an initial sepsis 
rate in Charnley’s very poor airborne 
conditions of about 9%12, 13. This was a 
major problem, as antibiotics often did 
not clear this sepsis and the artificial 
joint had to be replaced. To reduce 
sepsis, Charnley initiated a number of 
preventative measures and, using the 
knowledge that existed at the time (1961), 
Howorth and he attempted to perfect 
the ‘piston effect’ of a downward flow  
of air. Instead of using the whole ceiling 
(as Blowers and Crew had done) they 
restricted the air supply to a small area 
by using a 7ft x 7ft-area ‘greenhouse’ 
placed within the operating room. This 
increased the downward velocity of the 
air, and a reduction of the concentration 
of MCPs. This was described in 1964 14 
and the airflow is shown in Figure 1.
In 1965, Allander published a 
description of a system which also used 
a small ceiling area to increase the air 
supply velocity over the operating table. 
The description was published in Swedish 
but the system is described in English  
in a US Patent 15. The air was supplied 
through a perforated ceiling but, instead 
of using walls to constrain the downward 
air flow, Allander used air curtains.  
This system gave a lower airborne  
MCP concentration (about 50/m3)  
than conventionally-ventilated 
operating rooms. 
Both Charnley’s and Allander’s 
designs did not produce good 
unidirectional airflow, but were a large 
step in the right direction. Charnley  
and Howorth increased the air supply 
volume and incorporated ideas from 
‘laminar’ (unidirectional) flow systems, 
so that good unidirectional airflow was 
achieved. Charnley also designed the 
total-body exhaust gown, which used 
tightly-woven cotton (Ventile®) and 
exhausted air from the gown (Figure 2). 
The dispersion of MCPs from the surgeon 
was substantially reduced, and, hence, 
the airborne concentration in the 
operating room.
Charnley found that improvements 
to the ventilation of his operating room 
and use of occlusive clothing substantially 
reduced the airborne concentration of 
MCPs. This was paralleled with reductions 
in deep hip sepsis 12, 13 from about 9% in 
1959, when his airborne conditions were 
very poor, to less than 1.0% by 1970 when 
all his improvements were complete. 
However, his changes were not set up  
as a scientifically designed trial, as 
changes were introduced step-by-step, 
and also included changes to surgical 
technique. It was also unclear if a 
modern conventional operating room 
would give suitable airborne conditions 
and there was a strong lobby that was 
doubtful of the role of unidirectional 
airflow systems 16. To confirm, or 
otherwise, Charnley’s work, a trial of 
ultra-clean operating rooms was carried 
out by the Medical Research Council 
(MRC). The MRC study will be discussed 
in the second part of this review, the 
remainder of this article being devoted 
to the design of UDAF operating rooms. 
Further information on Charnley’s 









Figure 1: Section through Charnley’s original ‘greenhouse’ system showing the airflow Figure 2: Charnley total-body exhaust gown
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Design of UDAF operating rooms
In the early 1960s, Willis Whitfield and 
his co-workers at Sandia Corporation in 
the USA 18 invented a new type of clean 
air ventilation called ‘laminar’ air flow. 
It was incorrectly called ‘laminar flow’, 
as the airflow was not ‘laminar’ in  
the scientific sense, and is now correctly 
called unidirectional airflow (commonly 
abbreviated to UDAF). A bank of high- 
efficiency air filters was used to supply 
particle-free air at 90ft/min (0.4m/s) 
that swept in a piston-like manner across 
the area to be kept clean, and achieved 
cleanliness conditions very much superior 
to those found in conventionally-
ventilated systems.
Unidirectional airflow systems were 
quickly installed in operating rooms 19 
but the following design questions still 
had to be answered:
• Should the airflow be downflow  
or crossflow?
• What is a suitable air velocity?
• What removal efficiency of final  
air filters is necessary?
• Would thermals and obstructions 
disrupt the airflow?
• Should the system’s walls reach down 
close to the floor, or could they be 
high enough to allow access for large 
pieces of equipment, such as X-ray 
machines? 
In these early days of UDAF, it was 
not possible to purchase a system for 
such a research study. It was therefore 
necessary to design and build one and, 
with the co-operation of the Department 
of Orthopaedics, it was installed at 
Killearn Hospital in 1970, and then moved 
to Gartnavel General Hospital, where  
it was used until 1999. It is described in 
Reference 10, and shown in Figure 3.
A novel feature of this experimental 
system was its capability of changing  
its air velocity (between 0.1 to 0.6m/s) 
and air direction (between downflow  
to crossflow). By moving over a flap (item 
d), and regulating the variable speed fans 
(item c), the velocity and air direction 
could be changed during an operation 
without compromising asepsis.
Unidirectional airflow moves in 
reasonably straight lines from HEPA 
filters to floor, and air sampling must  
be carried out close to the surgical 
wound if it is to be representative of the 
concentration at the wound. Air sampling 
was therefore carried out using a high- 
volume Casella slit sample (700 l/min) 
mounted on a small movable trolley. 
The sampler was connected to a flexible 
duct which in turn connected to a 
sterilised stainless-steel tapered section 
terminating at an intake opening.  
This section was draped and the intake 
placed 20-30 cm from the wound.
It was found (Reference 11) that the 
downflow system was more effective 
than a crossflow. Compared to an adjacent 
conventionally-ventilated operating 
room, the crossflow system gave 11 times, 
and the downflow system gave 35-90 
times, lower microbial concentrations. 
Measurements carried out at different 
air velocities showed that in the downflow 
system a velocity in the region of 0.3 to 
0.35m3/s gave the best returns for effort 
(Figure 3), but in a crossflow system  
Figure 3: Experimental downflow/crossflow, variable-velocity system: a, pre-filters; b, sound attenuators; c, variable-speed fans;  
d, flap to change direction; e, HEPA filters; f, plastic movable curtain; g, glass walls; h, skeletal light; i, total-body exhausts;  
j, return grille; k, side flaps; m, audio system for total-body exhaust.
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a minimum velocity of 0.4m/s was best. 
It was assumed that when these suggested 
velocities are reached, the airflow changes 
from an unsteady and mixed airflow to  
a unidirectional airflow that will quickly 
be reinstated after any disturbance by 
movement of personnel.
Another feature of the UDAF system 
was the surgical lamp, which was modified 
to give a skeletal shape. It was unknown 
at that time if the large area of the current 
design of operating room lamps (1m 
diameter) would disrupt airflow and 
cause high bacterial concentrations  
in the wound area below. It was also 
unknown whether the hot air thermals 
from operating-room personnel and the 
surgical lamp would adversely affect  
the air flow, as had been the case during 
Blower and Crew’s 8 studies. Research 
was therefore carried out using (a) smoke 
challenge tests to quantify the amount 
of turbulent backflow of air from sources 
in front of the lamp (b) neutral-buoyancy 
helium-filled detergent bubbles to obtain 
airflow patterns around the light,  
and (c) Schlieren photography to show 
whether the thermal currents coming 
from a hot lamp pod are controlled by  
a downflow of air. Typical results are 
shown in Figures 5, 6 and 7, and a full 
description of these methods, and the 
results obtained, are given in Reference 
12. It was shown that a downward velocity 
of 0.3m/s would control thermal currents 
from the lamp and that a skeletal form 
of lamp would be necessary in a downflow 
system.
Experiments had been previously 
carried out (Reference 1) into the removal 
efficiency of air filters in a hospital ward, 
as well as the size distribution of the 
MCPs approaching the filters. This 
information showed that filters 90% 
efficient against particles of about 0.5µm 
should be suitable, and these were 
installed into the Glasgow University 
UDAF system. The concentration of 
MCPs in the supply air was measured 
during operations using the high-volume 
Casella air sampler and no MCPs were 
found. Recent investigations have been 
carried out (Reference 13) and showed 
that filters 87% efficient against the most 
penetrating particle size, as specified in 
EN 1822, were likely to have a removal 
efficiency against MCPs of 99.995%.
Figure 5: Dispersion and penetration of particles from a source in front  
of a large operating room lamp.
Figure 4: Bacterial counts at the wound with respect to unidirectional velocity and direction.
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Design of partial-walled  
UDAF systems
Investigations were carried out into the 
design of partial-walled UDAF systems 
(References 14, 15, and 16). Most of the 
UDAF systems at that time had walls 
that came from the perimeter of the  
air supply filters to within about 30cm  
of the floor (Figure 8a). These walls 
constrained the air and ensured good 
air flow passed the wound. However, 
partial walls that terminated about  
2 metres above the floor gave better 
communication, and access for larger 
pieces of equipment, such as X-ray 
machines. Unfortunately, as the airflow 
is not constrained (Figure 8b) the air 
velocity at the wound is reduced. Also,  
if the supply air is hotter than the air 
outside the clean zone, buoyancy can 
reduce the amount of air getting to the 
wound (Figure 8c). In addition (Figure 
8d), air may be entrained from outside 
the clean zone and reach instrument 
trolleys, and possibly the wound area.
An investigation of a unidirectional 
airflow system at the London Hospital 
(Reference 14) showed that when there 
were no walls at all, and therefore no 
constraint of air within the unidirectional 
airflow zone, air would short-circuit to 
an adjacent air exhaust in the ceiling. 
Lighting tracks, which crossed over the 
filter bank, induced air to run below and 
across the tracks, and into the clean 
area. Partial walls corrected these 
problems and assisted in the downward 
flow of air. However, even with partial 
walls, the air flow still diverged and 
reduced the airflow velocity at the 
operating table. A comparison between 
a partial and full-walled system showed 
that the velocity at the wound height 
was about 20 -25% less in the partial 
wall system. Therefore, the air supply 
velocity for partial-walled systems 
should be increased from a minimum  
of 0.3m/s required for a full-walled 
system to a minimum of 0.38m/s. 
Another investigation (Reference 15) 
of two partial-walled UDAF systems 
showed that when the temperature  
of the air supply was higher than the 
surrounding operating room, the supply 
air, being buoyant and unconstrained  
by walls, did not efficiently reach the 
wound. The two sets of results are shown 
in Figure 9, where it may be seen that 
when the supply air temperature was 
about 1°C warmer than the surrounding 
room, practically no air reached the 
wound. However, as the air supply 
became colder, the velocity at wound 
height increased, and when the  
supply air was 1.4°C lower than the 
surrounding room air, the velocity was 
twice that obtained when the supply 
and room temperature were the same. 
Experiments were also carried out  
to show the penetration of test particles 
into the clean air zone caused by 
temperature differential (Reference 15). 
Figure 10 shows little entrainment into 
the clean zone of a partial-walled 
system when the air supply was at the 
same temperature as the surrounding 
room. However, Figure 11 shows a 
greater penetration when the supply  
air is 0.65°C hotter than the 
surrounding room. A centrally-located 
operating table is likely to avoid much  
of the entrained contamination but 
instruments on trolleys at the periphery 
of the unidirectional airflow clean zone, 
would be exposed to these microbes.
In some UDAF systems, the supply 
air is drawn from the surrounding 
operating room, and as the air passes 
through the fans, its temperature will 
increase by about 0.5-0.7°C. This 
increase in air temperature will cause  
a reduction in air velocity at the wound. 
Because of heat gains from people and 
Figure 6: Helium-filled detergent bubbles showing airflow round large operating room lamp
Figure 7: Schlieren photograph showing hot air on the surface of a high-temperature 
operating lamp being controlled by a downward unidirectional airflow of 0.3m/s
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machinery, most operating rooms use 
supply air that is colder than the room 
to maintain comfort conditions. If this 
air passes through the UDAF system, 
the heat gain from the fans can be 
negated. However, the opposite situation 
may occur if heat losses from the operating 
room are high, as can occur in a cold 
day in an operating room with outside 
walls, and warm air may need to be 
supplied to maintain comfort. This 
problem needs consideration during  
the design process.
Further investigations into 
entrainment in partial-walled systems 
were carried out, including the use of  
a 1/10 scale water model to visualise the 
expected airflow, and are discussed in 
Reference 16.
Many of the conclusions discussed 
above, were used by Working Group 10 of 
the UK Department of Health to write a 
set of guidelines for ultra clean ventilation 
systems that were completed in 1986. 
Also included in the guidelines were the 
MRC committee’s recommendations for 
maximum airborne MCP concentrations 
during surgery, and test methods for 
checking the performance of a system 
(Reference 17). These DHSS guidelines 
were never formally published but 
incorporated into the Hospital Technical 
Memorandum (HTM 2025) 10, and  
then into the current Health Technical 
Memorandum (HTM 03-01) 11 which 
superseded it.
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